Although hyponatremia during hospitalization for acute decompensated heart failure (ADHF) is reportedly related with poor prognosis, the available data regarding the impact of serum sodium level within the lownormal range at admission on clinical events in patients with ADHF is limited.
D
espite the recent advances in treatments for heart failure (HF), 1) it remains one of the leading causes with increased hospitalization and mortality.
2) Acute decompensated HF (ADHF) often requires hospital admission and each episode of ADHF itself is associated with progression and the resulting poor clinical outcomes.
3) Each ADHF episode can impair the renal function or alter the cardiovascular physiology and biomarkers 4) in association with neurohumoral overactivation, 5) which may play a role in HF progression and poor clinical outcomes.
Hyponatremia, mainly caused by dilution and associated with neurohumoral overactivation in patients with HF, 6, 7) has recently gained focus. Hyponatremia is commonly defined as a serum sodium level < 135 mmol/L 8) and several clinical studies have shown that hyponatremia defined as a serum sodium level < 135 mmol/L is a powerful prognostic factor of mortality and re-hospitalization in cases of stable HF. [9] [10] [11] Hyponatremia at hospital admission due to worsening HF is an independent predictor of mortality and/or re-hospitalization after ADHF. [12] [13] [14] [15] [16] [17] In patients with ADHF from Western countries, admission serum sodium level as a continuous variable was also associated with poor clinical outcomes and an increased hazard ratio (HR) as admission serum sodium level decreased. 11, 14, 15, 18, 19) However, in Japanese patients with ADHF, the association between the admission serum sodium level as a continuous variable and poor long-term clinical outcomes remains unclear. Some studies showed that the HR for all-cause mortality increased as admission ADMISSION SODIUM LEVEL AND OUTCOMES IN ADHF serum sodium level decreased below 140 mmol/L. 14, 19) More recently, in addition to the hyponatremia defined as a serum sodium level < 135 mmol/L, the impact of a lownormal serum sodium level (!135 mmol/L but < 140 mmol/L) at hospital discharge on clinical outcomes was reported from a cohort of HF with a preserved ejection fraction. 20) However, the impact of a low-normal serum sodium level on admission separated from admission hyponatremia has not been elucidated in patients with ADHF yet. Thus, we investigated the prognostic significance of a low-normal serum sodium level (!135 mmol/L but < 140 mmol/L) on admission in addition to that of admission hyponatremia (serum sodium, < 135 mmol/L) in patients with ADHF.
Methods

Subjects:
Patients who were admitted to the cardiac intensive care unit in Juntendo University Hospital (Tokyo, Japan) with a diagnosis of ADHF between January 2007 and December 2011 were included in the present study. ADHF was defined based on modified Framingham criteria. 21) Patients who had acute coronary syndrome and/or underwent cardiac surgery during the previous 4 weeks or during the initial hospitalization as well as those with a life-threatening malignancy were excluded from the study. In addition, patients without documented admission serum sodium levels were excluded.
The Institutional Review Board of Juntendo University Hospital approved the study protocol, which complied with the Declaration of Helsinki. Informed consent was obtained from all the patients. Data collection: The baseline data were prospectively collected at the time of initial hospital admission. The medical history was obtained from a review of the patients' clinical charts. Complete two-dimensional echocardiography was performed on each patient. The left ventricular ejection fraction (LVEF) was calculated according to the modified Simpson method. Estimated glomerular filtration rate (eGFR) was calculated using the Modification of Diet in Renal Disease equation with a Japanese coefficient from baseline serum creatinine levels. 22) All the eligible patients were categorized into 3 groups according to sodium level (< 135 mmol/L, !135 and < 140 mmol/L, or !140 mmol/L) at hospital admission. 9, 12, 14, 15, 17, 23) All the patients were followed up from the date of index admission until July 2013; the outcome data were obtained during a clinical visit or by reviewing the medical records for all the recorded deaths. Readmission for ADHF was defined as the first unscheduled readmission to the cardiology ward with progressive symptomatic and/ or hemodynamic deterioration. The clinical outcomes of interest included composite all-cause mortality and readmission for ADHF. An independent investigator who had no role in the patients' follow up and treatment obtained information about the outcomes. Statistical analysis: Continuous variables are expressed as mean ± standard deviation (SD) unless indicated otherwise. Categorical data were tabulated as frequencies and ratios (%). The natural log-transformed values were used for the statistical analyses of serum C-reactive protein (CRP) and plasma B-type natriuretic peptide (BNP) levels because the values were skewed. The baseline characteristics across the 3 groups were compared using the Cochrane-Armitage test for categorical variables, analysis of covariance for continuous variables, and Kruskal-Wallis test for New York Heart Association (NYHA) functional class.
Cumulative mortalities were plotted using KaplanMeier curves and differences across serum sodium level categories were determined using log-rank tests. P values of the log-rank trend test were also estimated. Uni-and multivariable Cox proportional hazard regression analyses were performed to assess the relationship between baseline variables and clinical outcomes. On univariable analysis, one of following baseline variables was included as an independent variable: age; sex; body mass index (BMI); current smoker; ischemic etiology; atrial fibrillation (AF); diabetes mellitus; chronic pulmonary disease; NYHA functional class, systolic and diastolic blood pressure (BP); heart rate; LVEF; hemoglobin level; eGFR; serum levels of potassium and natural log-transformed CRP level; natural log-transformed BNP level; and medication use before admission in addition to the presence or absence of hyponatremia on admission. Variables with a P value < 0.10 on univariable analysis were entered into a forward stepwise Cox proportional hazards regression analysis with a value of P < 0.05 to enter and P !0.10 to remove. The tests of trends in the HR by serum sodium level were conducted by assigning an ordinal value to each group in a secondary analysis. Furthermore, we performed a tertiary analysis in which serum sodium level was treated as a continuous variable, to determine whether the results differed from the cut-off points. Additional uniand multivariable analyses, including a binary categorical variable such as serum sodium level !or < 140 mmol/L were performed, to determine the cut-off value of serum sodium level > 135 mmol/L to predict clinical events. In addition, the best cut-off value of serum sodium level to predict the risk of occurrence of clinical events was obtained through receiver operating characteristic (ROC) curve analysis and was identified as the value that minimized the expression ((1-sensitivity) 2 + (1-specificity) 2 ).
24)
Further uni-and multivariable analyses including a binary categorical variable such as serum sodium level !or < the best cut-off of serum sodium level determined ROC curve analysis were also performed. The assumption of proportional hazards was assessed using a log-minus-log survival graph. A P value < 0.05 was considered statistically significant. SPSS version 23 (SPSS Inc., Chicago, IL, USA) was used to perform all the analyses.
Results
Patient characteristics: Overall, 751 patients were admitted to our institution with ADHF between 2007 and 2011. Among them, 160 patients with concomitant acute coronary syndrome and/or who had undergone cardiac surgery during the previous 4 weeks or during initial hospitalization as well as those who had a life-threatening malignancy were initially excluded, and 7 patients without a serum sodium value on admission were then excluded. Fi-Hiki, ET AL The continuous variables are expressed as mean ± standard deviation or as median (interquartile range), while the categorical variables are expressed as number (%). ACE-I indicates angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker; BMI, body mass index; BNP, B-type natriuretic peptide; BP, blood pressure; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; HF, heart failure; LVEF, left ventricular ejection fraction; and NYHA, New York Heart Association.
nally, of the 584 patients, 208 patients (35.6%) were identified as having a serum sodium level !135 but < 140 mmol/L and 99 patients (16.9%) were identified as having a serum sodium level < 135 mmol/L on admission. Table I shows the patients' baseline characteristics classified into 3 groups by serum sodium level. Patients with a low serum sodium level were likely to be older and have a lower BMI and lower systolic and diastolic BP. The hemoglobin levels and eGFR were lower but the CRP and BNP levels were higher in patients with low serum sodium levels than in the other patients. In the patients with a low serum sodium level, the serum potassium level was higher. The patients with a normal to high serum sodium level were less likely to take aldosterone blockers than the other patients. Clinical outcomes: At mean and maximum follow-up durations of 1.4 and 6.3 years, respectively, there were 321 clinical events (55.0%): 141 (50.9%) consisted of 60 deaths (21.6%), including 38 (13.7%) due to cardiovascular causes, and 81 re-hospitalizations (29.2%) in patients with serum sodium level !140 mmol/L; 116 (55.8%) consisted of 54 deaths (26.0%), including 37 (17.8%) due to cardiovascular causes, and 62 re-hospitalizations (29.8%) in those with a low-normal serum sodium level; and 64 (64.6%) consisted of 36 deaths (36.4%), including 18 (18.2%) due to cardiovascular causes, and 28 rehospitalizations (28.3%) in those with hyponatremia.
The Figure shows the Kaplan-Meier event-free survival curves of the 3 groups. The patients with low serum sodium levels were more likely to have a high cumulative incidence of clinical events. In the univariable analysis, the patients with a serum sodium level < 135 mmol/L were at an increased risk of clinical events compared to those with a serum sodium level !140 mmol/L (hazard ratio [HR], 1.91; 95% confidence interval [CI], 1.42-2.57; P < 0.001) (Table II) .
Although the patients with a serum sodium level of 135-140 mmol/L were at a 1.2 times greater risk of clinical events compared to those with a serum sodium level ! 140 mmol/L, it did not reach statistical significance (HR, 1.16; 95% CI, 0.91-1.48; P = 0.235) (Table II) . However, among each serum sodium level category, the HR for clinical events increased significantly as the sodium level decreased (P value for HR trend, < 0.001). In addition, continuous values of serum sodium were also significantly related to the risk of clinical events (HR, 0.95; 95% CI, 0.93-0.97; P < 0.001 per 1-unit increase), suggesting that there was a dose-dependent relationship between serum sodium level and clinical outcomes (Table II) . Table II summarizes other variables with a value of P < 0.1 on univariable analysis. Table III shows the results of the primary multivariable regression analysis. Even in the multivariable analysis, patients with a serum sodium level < 135 mmol/L ADMISSION SODIUM LEVEL AND OUTCOMES IN ADHF
Figure.
Kaplan-Meier event-free survival curves. Cumulative event-free survival was significantly worse in patients with low serum sodium level. The P value for the overall log-rank tests indicate whether there is a difference in the 3 event-free survival curves (P < 0.001). P values for the logrank trend test indicate whether decreased levels of serum sodium are associated with worse cumulative event-free survival (P < 0.001). were at an increased risk for clinical events compared to those with a serum sodium level ! 140 mmol/L (HR, 1.53; 95% CI, 1.02-2.30; P = 0.041), whereas the HR of those with a serum sodium level of 135-140 mmol/L was attenuated and remained insignificant (Table III) . However, even on multivariable analysis, the HR of each sodium level category increased significantly as the sodium level decreased from !140 mmol/L to 135-140 mmol/L to < 135 mmol/L (P value for HR trend, 0.024; Table III) along with ischemic etiology and decreased hemoglobin level. Similarly, the results of the secondary multivariable analysis in which serum sodium level was treated as a continuous variable indicated that the lower the serum sodium level, the greater the risk of all-cause mortality and/ or re-hospitalization for HF (Table III) .
To determine the cut-off value of serum sodium level for predicting clinical events above the hyponatremia cutoff value (i.e., 135 mmol/L), additional uni-and multivariable analyses, including a categorical variable of serum sodium level !or < 140 mmol/L were performed. In the Hiki, ET AL univariable analysis, patients with a serum sodium level < 140 mmol/L were at an increased risk of experiencing clinical events compared to those with a serum sodium level !140 mmol/L (HR, 1.31; 95% CI, 1.05-1.64; P = 0.015). However, in the multivariable analysis, the HR of patients with a serum sodium level of < 140 mmol/L was no longer significant and was excluded from the final model. The ROC analysis determined a serum sodium level !or < 138 mmol/L as the best cut-off level to predict clinical events (sensitivity 62.1, specificity 66.9). Indeed, in the univariable analysis, patients with a serum sodium level < 138 mmol/L were at an increased risk of experiencing clinical events compared to those with a serum sodium level !138 mmol/L (HR, 1.46; 95% CI, 1.17-1.83; P = 0.001). The HR of patients with a serum sodium level of <138 mmol/L continued to remain significant in the multivariable analysis (HR, 1.23; 95% CI, 1.05-1.44; P = 0.012) (Table IV) .
Discussion
The study findings provide novel insights into the relationship between serum sodium level and clinical outcomes in Japanese patients with ADHF. First, consistent with findings from a previous study, 17) hyponatremia, defined as serum sodium level < 135 mmol/L on admission, was associated with poor long-term clinical outcomes including all-cause mortality and/or re-hospitalization in patients with ADHF. Second, the risk of clinical events in patients with a low-normal sodium level on admission defined as a serum sodium level of 135-140 mmol/L was not significantly greater than those with a serum sodium level !140 mmol/L, although there was a significant increasing trend in the risk of clinical events as serum sodium levels decreased, even on multivariable analysis.
Third, an inverse relationship between admission serum sodium level as a continuous variable and the risk of clinical events (i.e., the lower the serum sodium level on admission, the greater the risk of clinical events) was clearly shown in the Japanese patient population. Fourth, the cut-off value of serum sodium levels for predicting mortality above the hyponatremia level was < 138 mmol/ L, rather than < 140 mmol/L. These findings suggest that, in Japanese patients with ADHF, although admission hyponatremia can be an independent predictor of all-cause mortality and/or re-hospitalization for ADHF, a lownormal serum sodium level on admission may not be an independent predictor. However, considering that significant increasing trend of the risk of clinical events as serum sodium level decreased from !140 mmol/L to 135-140 mmol/L to < 135 mmol/L and the inverse doseresponse association between serum sodium level and the risk of clinical events, we must consider that low serum sodium levels on admission, even within the low-normal clinical range, may increase the risk of long-term clinical events and be a potential target for intervention to improve clinical outcomes in patients after ADHF. Indeed, in the present study, the cut-off value of the serum sodium levels on admission to predict mortality was < 138 mmol/ L, which is within the low-normal clinical range.
Several clinical studies have shown that admission hyponatremia, defined as a serum sodium level < 135 mmol/L on admission, is an independent predictor of mortality and/or re-hospitalization following ADHF. [12] [13] [14] [15] [16] [17] 23) Among them, some studies of Western countries also reported that the admission serum sodium level, when treated as a continuous variable, was also associated with clinical outcomes, i.e., the lower the admission serum sodium level, the greater the risk of mortality and/or rehospitalization. 11, 14, 15, 18, 19 ) Gheorghiade and colleagues showed that the risk of death or re-hospitalization during 60-90 days following ADHF increased by 8% for each 3-mmol/L decrease in patients with an admission serum sodium < 140 mmol/L. 14) Similarly, Deubner and colleagues reported that prognosis was the best for patients with a high normal sodium level defined as 140-145 mmol/L, while the HR for all-cause mortality increased as the admission serum sodium level decreased to below the lownormal sodium level (i.e., < 140 mmol/L). 19) Considering these findings, in addition to the hyponatremia defined as a serum sodium level < 135 mmol/L, the prognostic impact of a low-normal serum sodium level (!135 mmol/L but < 140 mmol/L) should be the focus. From this perspective, Kusaka and colleagues investigated the impact of a low-normal serum sodium level (i.e., !135 mmol/L but < 140 mmol/L) at hospital discharge separately from hyponatremia (i.e., < 135 mmol/L) on clinical outcomes in a mixture of acute-and chronic-phase HF patients with a preserved ejection fraction. 20) In their study, although the multivariable analysis results were not provided, a lownormal serum sodium level (!135 mmol/L but < 140 mmol/L) was associated with HF-related events on Kaplan-Meier analysis. 20) In the present study, the prognostic impact of a low-normal serum sodium level at hospital admission due to ADHF, independent of hyponatremia, was specifically and primarily assessed. Although there was an increasing trend of HR as the serum sodium level decreased, even on multivariable analysis, the HR of a low-normal serum sodium level did not indicate a significant increased risk of clinical events. When the serum sodium level was treated as a continuous variable, there was a significant inverse relationship between the serum sodium level and the risk of clinical events, and the cutoff value of serum sodium level predicting poor clinical outcomes was determined as < 138 mmol/L. Thus, the present study showed, for the first time, that in Japanese patients with ADHF, the serum sodium level at admission can be a significant predictor for poor long-term clinical outcomes even when the cut-off value within a lownormal serum sodium level (i.e., < 138 mmol/L) is utilized.
The pathogenesis of hyponatremia in ADHF is generally considered multifactorial; however, it has been implicated that neurohumoral activation in association with ADHF plays an important role. The reduction in cardiac output in association with ADHF leads to decreased renal perfusion and consequently increased reabsorption in the proximal tubule. 25) This leads to reduced sodium and water delivery to the diluting sites, which may stimulate water reabsorption at those sites. On the other hand, decreases in cardiac output and effective circulating volume also lead to reflex activation of the neurohumoral factors including arginine vasopressin (AVP) in addition to the sympathetic nervous system and renin-angiotensinaldosterone system. 25) Enhanced AVP secretion and binding to the V2 receptor enhances free water reabsorption in the distal nephron and consequently contribute to hyponatremia. 25) Thus, in patients with ADHF, serum sodium level may enhance neurohumoral overactivation. Considering this and the findings of the present study in which a significant increasing trend of the risk of clinical events as the serum sodium level decreased and the inverse doseresponse association between the serum sodium level and the risk of clinical events were observed, even patients with a low-normal serum sodium level, especially < 138 mmol/L, have some sort of neurohumoral overactivity and a consequent risk of worsening HF.
It is not clear whether hyponatremia is just a comprehensive marker of ADHF severity or a therapeutic target for improving clinical outcomes. Limited information is available regarding the impact of the correction of serum sodium levels on clinical outcomes. In a retrospective observational study of patients admitted with a diagnosis of ADHF, patients whose admission hyponatremia (< 135 mmol/L) was corrected to the normal range (!135 mmol/ L) over the course of hospitalization showed better 30-day readmission or mortality rates compared to those with persistent hyponatremia. 26) In terms of increasing serum sodium levels, the vasopressin V2 receptor antagonist tolvaptan is the reasonable option since it acts directly against ADHF-associated enhanced AVP secretion. [27] [28] [29] Indeed, in the Efficacy of Vasopressin Antagonism in Heart Failure Outcome Study With Tolvaptan (EVEREST), tolvaptan significantly increased the serum sodium concentration in hyponatremic patients hospitalized with ADHF. 30) In a post hoc analysis of the Acute and Chronic Therapeutic Impact of a Vasopressin Antagonist in Chronic Heart Failure trial in which patients hospitalized for ADHF were randomized to placebo or one of 3 tolvaptan doses to investigate its effects on 60-day mortality, hyponatremic patients with a serum sodium improvement (!2 mmol/L increased from admission to discharge) had better 60-day mortality rates compared to those showing no improvement, 31) suggesting the therapeutic potential of tolvaptan on admission hyponatremia in patients hospitalized with ADHF. In an analysis of the EVEREST database among patients with hyponatremia at study entry, treatment with tolvaptan led to a correction of serum sodium levels and a lower rate of HF worsening compared to the placebo group. 30) Furthermore, in patients with marked hyponatremia (i.e., < 130 mmol/mL; n = 92), tolvaptan use was significantly associated with reduced cardiovascular morbidity and mortality after discharge (P = 0.04). 30) A further randomized study revealed that the effect of tolvaptan versus other interventions for hyponatremia and/or low-normal serum sodium levels is needed.
Our study is subject to some limitations. First, it was limited to a single academic center and included only a Japanese patient population. Our findings must be examined in a larger sample size. Second, since the present study was observational in nature, even after the adjusted analysis, other confounders affecting the results cannot be ruled out. Despite these limitations, our study highlights that the lower the serum sodium level on admission in ADHF patients, the poorer the long-term outcomes.
In conclusion, serum sodium level at the time of admission in patients with ADHF can be a predictor of longterm mortality and/or re-hospitalization for ADHF. Physicians should consider that low serum sodium levels at admission, even when the cut-off value within the lownormal clinical range such as < 138 mmol/L is utilized, are associated with an increased risk of poor long-term clinical outcomes. Further studies are needed to determine whether targeted therapy for this variable will improve the long-term clinical outcomes of patients with ADHF.
